Some Brucella isolates are known to require an increased concentration of CO2 for growth, 25 especially in the case of primary cultures obtained directly from infected animals. Moreover, the 26 different Brucella species and biovars show a characteristic pattern of CO2 requirement, and 27 this trait has been included among the routine typing tests used for species and biovar 28 differentiation. By comparing the differences in gene content among different CO2-dependent 29 and CO2-independent Brucella strains we have confirmed that carbonic anhydrase II (CA II), is 30 the enzyme responsible for this phenotype in all the Brucella strains tested. Brucella species 31 contain two carbonic anhydrases of the β family, CA I and CA II; genetic polymorphisms exist 32 for both of them in different isolates, but only those putatively affecting the activity of CA II 33 correlate with the CO2 requirement of the corresponding isolate. Analysis of these 34 polymorphisms does not allow the determination of CA I functionality, while the polymorphisms 35 in CA II consist of small deletions that cause a frameshift that changes the C-terminus of the 36 protein, probably affecting its dimerization status, essential for the activity. 37 CO2-independent mutants arise easily in vitro, although with a low frequency ranging from 10 -6 38 to 10 -10 depending on the strain. These mutants carry compensatory mutations that produce a 39 full length CA II. At the same time, no change was observed in the sequence coding for CA I. A 40 competitive index assay designed to evaluate the fitness of a CO2-dependent strain compared 41 to its corresponding CO2-independent strain revealed that while there is no significant difference 42 when the bacteria are grown in culture plates, growth in vivo in a mouse model of infection 43 provides a significant advantage to the CO2-dependent strain. This could explain why some 44
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functional in CO2-dependent B. abortus and B. ovis, thus establishing a correlation between CA 103 activity and CO2 dependence. They also observed that CAI is active in B. suis 1330 or 513, but 104 not in B. abortus 2308W, 292 and 544. Moreover, although an active CAI alone is enough to 105 support CO2-independent growth of B. suis in rich media, it is not able to do it in minimal media, 106 or to support CO2-independent growth of B. abortus at all. A similar result was also obtained by 107
Varesio et al (2019) that identified BcaABOV (CAII) as the enzyme responsible for the growth of 108 B. ovis in a standard, unsupplemented atmosphere (0.04% CO2), in this case, by whole 109 genome sequencing of CO2-independent mutants. Interestingly, they also reported that a CO2 110 downshift B. ovis initiates a gene expression program that resembles the stringent response 111 and results in transcriptional activation of its type IV secretion system. This shift is absent in B. 112 ovis strains carrying a functional copy of carbonic anhydrase. 113
The classical biotyping mentioned above, despite its limitations and the emergence of new 114 molecular approaches to identify and classify Brucella at different taxonomic levels, is still 115 extensively used by reference laboratories, often side by side with the new molecular methods 116 (Garin-Bastuji et al., 2014). However, although there is a known link between phenotype and its 117 genetic cause in some traits like urease activity or erythritol sensitivity (Sangari et al., 2007; 118 Sangari et al., 1994) , there is still a gap between the information provided by the molecular 119 methods and the phenotype of Brucella isolates. With the availability of more genome 120 sequences, it should be possible to reduce this gap by comparing the phenotypic characteristics 121
of Brucella strains with their genome content. Comparative genomics of whole-genome 122 sequences is especially interesting in bacterial pathogenesis studies (Hu et al., 2011) . 123
Pathogenomics can be considered as a particular case of comparative genomics, and it has 124 been extensively used for the identification of putative virulence factors in bacteria, by 125 comparing virulent and avirulent isolates (Pallen and Wren, 2007) , although in principle could be 126 applied to the elucidation of any phenotypic trait. The genus Brucella is a very homogeneous 127 one, with over 90% identity on the basis of DNA-DNA hybridization assays within the classical 128 species, and this results in relatively minor genetic variation between species that sometimes genomes representing all species and biovars have been sequenced, and all this wealth of 137 information is already resulting in new molecular epidemiology and typing methods 138 (O'Callaghan and Whatmore, 2011) . We have tested the potential of pathogenomics to unveil 139 phenotypic traits in Brucella by defining the pangenome / pseudogenes of a set of Brucella 140 strains, and comparing it with the CO2 dependence of those strains. This process has allowed 141 us to identify Carbonic Anhydrase (CA) II, as the enzyme responsible for growth of the bacteria 142 at atmospheric CO2 concentrations, and extend the analysis to new species of Brucella. All the 143 sequenced genomes of Brucella contain two β-CA genes, but only those that carry a defective 144 β-CA II require supplemental CO2. Reversion of this phenotype happens in vitro at a low 145 frequency and is accompanied by a compensatory mutation that results in a full-length β-CAII 146
product. We have also tested the hypothesis that the presence of a truncated β-CAII would 147 have a competitive advantage in vivo, as a way to explain why a mutation with such a low 148 frequency could get fixed in some Brucella species and biovars. A competitive assay shows that 149 one of such mutants is significantly enriched in a mouse model of infection when compared with 150 its corresponding full-length β-CAII strain. This could explain why CO2-dependent strains are 151 selected in vivo. The polymorphisms affecting β-CAII encoding genes allow the prediction of the 152 CO2-dependence status of any given strain, thus having the potential to replace the classical 153 assay to characterize Brucella isolates. 154
Materials and Methods 156 157
Bacterial strains and growth conditions. 158
The bacterial strains and plasmids used in this work are listed in Table 1 
Bioinformatic methods 167
Genomic and protein sequences of the different Brucella species were obtained from GenBank 168 and the Broad Institute (https://www.broadinstitute.org/projects/brucella). To allow easy 169 comparison between the genes and pseudogenes in the different Brucella species, we 170 constructed the panproteome of a selected set of 10 strains with the most complete genome 171 annotation at the time (Table S1 ). To construct this set we started with all the CDS annotated in 172 the B. suis 1330 genome. Next we found the most probable functional counterparts for the n 173 pseudogenes annotated in B. suis 1330. The pseudogene list was taken directly from the 174 original annotation of the B. suis 1330 genome. Finally, we added those CDS in indels from the 175 other genomes not present in B. suis 1330. We assigned a new gene name to every CDS in our 176 set following the Bru1_xxxx and Bru2_xxxx nomenclature, depending on the location of the 177 gene in the B. suis genome. CDS from indels were also renamed with a nomenclature, 178 BRU1_iXXXX, the "i" indicating their origin from indels absent in B. suis 1330. The file pan_pep 179 provided in the supplementary materials is a multifasta protein file containing the sequence of 180 all the 3496 CDS present at least once in any of the used genomes, and constitutes the first 181 version of the Brucella pan proteome. The genes and pseudogenes annotated in these genomes were tabulated and assigned to one of the different gene families present in those 183 genomes. In this way we constructed a spreadsheet with the pseudogenes in each genome 184 using a uniform nomenclature. The analysis of the CA sequences at both the DNA and protein 185 levels was extended to a group of 35 Brucella genomes ( Table S2 in incubated at 37°C with 5% CO2 for eight weeks, with repeated subculture in fresh BA plates 239 every 4-5 days in the same conditions. The ratio of CO2-dependent and CO2-independent 240 colonies was determined with the same protocol as the in vivo CI. The competitive index (CI) 241 was calculated as the ratio of mutant to wild-type bacteria recovered at the end of the 242 experiment divided by the ratio of mutant to wild-type bacteria in the inoculum, and the 243 differences between groups were analyzed by Student's two-tailed t test with significance set at 244 P<0.05. 245
246

Results
248
Identification of the gene responsible for the CO2-dependence in B. abortus 249 250
The first evidence of the involvement of Carbonic Anhydrase in the CO2 dependence phenotype 251 came from the analysis of pseudogenes in the ten fully annotated Brucella genomes (Table S1 ). 252
After tabulation of the pseudogenes, their presence along with the different species was 253 compared with the target phenotype, in this particular case we interrogated the spreadsheet 254 n_pseudos.xls (Supplementary material) to find out which genes are pseudogenes only in those 255 strains in our list that are CO2 dependent, B. abortus 9-941 and B. ovis. Three genes met this 256 criterium, namely Bru1_1050 which encodes for a multidrug resistance efflux pump, Bru1_1827 257 which encodes for carbonic anhydrase II and Bru2_1236, encoding for an Adenosylmethionine- C337 also appears in CO2-independent B. abortus biovar 1 strains, like S19, 2308, or 277 NTCC 8038, but in these cases there are additional mutations that recover the original ORF; 278 two extra nucleotides in strain 2308, or one nucleotide deletions in B. abortus NCTC 8038 and 279 S19. These changes do not affect the conserved amino acid residues typical of β-CAs involved 280 in the catalytic cycle, that is, the four zinc-binding residues, Cys44, Asp46, Hys105, Cys108, There is one discrepancy involving B. abortus Tulya, a biovar 3 strain that according to 285 the literature (Alton et al., 1988) should be CO2-dependent, but according to our analysis codes 286 for a full-length CAII, thus being grouped with the CO2-independent isolates. To solve this 287 apparent puzzle, we plated a sample of B. abortus Tulya from our laboratory stock and 288 determined its CO2-dependence. Contrary to the original reference strain phenotype, and in 289 agreement with our in silico analysis, this isolate was indeed CO2-independent. The complete 290 being CO2-independent, suggesting that this is not the result of a contamination or selection of a 294 CO2-independent mutant in our hands. 295
As Brucella species code for two different carbonic anhydrases (Joseph et al., 2010) , we 296 repeated the analysis for the CAI-coding sequences (CDS) . Although several isolates contain a 297 polymorphism consisting of a 24 nt deletion between two 11 nt direct repeats, or different SNPs 298 Comparison of some of the CAII sequences of B. abortus biovar 1 CO2-independent strains like 307 2308, S19, or NCTC 8038 with those of the other Brucella CO2-dependent and independent 308 isolates suggests that reversion of the CO2 requirement is coincidental with the introduction of 309 compensatory mutations able to reverse the initial frameshift described above. CO2-310 independent mutants have been previously reported to appear at a low frequency (3 x 10 -10 ) in 311 cultures of CO2-dependent strains by subculturing in vitro in the absence of supplementary CO2 312 (Marr and Wilson, 1950) . We measured the frequency of the reversion in six CO2-dependent 313 strains from our laboratory collection, by growing duplicate cultures with or without CO2. We first 314 checked the phenotype of all the strains by streaking them in a BA that was incubated without 315 added CO2. All the strains but B. abortus Tulya, as reported above, failed to grow in these 316 conditions, in agreement with the published phenotype. We then plated o/n cultures from the 317 CO2-dependent strains to obtain colonies grown at ambient atmosphere, and calculated the 318 frequency of revertants for those strains (Table 3 ). The B. abortus strains had a similar 319 frequency to the one described by Mar and Wilson, 10 -8 to 10 -10 , but B. ovis and B. pinnipedialis 320 had a higher frequency of reversion, 10 -6 . In an exploratory effort to identify a possible cause for these differences in mutation rates, we analyzed the presence and identity between strains of 322 the most obvious proteins that could be involved in this phenotype, like DNA polymerases, 323
MutT, MutS, MutD, etc. Blastp analysis showed that, in all the cases, the protein was not only 324 present in all strains, but had a 100% identity, so we could not find any difference that could 325 explain our results. Maybe the analysis of the frequency of reversion in more CO2-dependent 326 strains will reveal if this is a species, biovars or even isolate phenotype. We selected a few 327 revertants from each strain, and amplified by PCR the CAI and CAII coding regions. The 328 amplicons were then sequenced to determine if any compensatory mutation had appear in 329 those loci. In all cases we found compensatory mutations in the same region, around 330 nucleotides 333-343. All mutations in this hot spot resulted in full length CAII proteins ( Figure 2) , 331 or in the case of B. pinnipedialis, a C to T change that reverts the Leu to Pro substitution. In this 332 case, we also found the insertion of a nucleotide triplet (CGC or CCG) at the hot spot, that 333 results in the addition of an extra amino acid, either Ala113 or Arg113. That is the same position 334 wherethe extra codon in Ba2308CAII is located. Although some of the compensatory mutations 335 appear several times, the most common situation was to find different mutations for the same 336 sequence. 337
As expected, reversion of the CO2-dependence phenotype did not produce any change in the 338 coding sequence of CAI, reinforcing the hypothesis that CAII plays the main role in CO2-339 independence. 340 341
Structural modelling of Babortus2308CAI and Babortus2308CAII 342
A single amino acid substitution, Val74 in Bsuis513CAI to Gly74 in Babortus2308WCAI, putatively 343 renders the protein inactive, while the mutations in CAII in CO2-dependent Brucella isolates do 344 not affect the region where the active center is located, at the N-ter part of the protein ( Fig 1B) . Isoleucine disrupts these hydrophobic interactions and could impair dimerization. Besides, this 361 substitution could locally alter the folding of this region and affect the nearby residues that are 362 coordinating the Zn atom. In both cases the structure, and consecuently the activity of the 363 protein, would be affected. Indeed a Val to Gly substitution, located in the dimerization surface, 364 was shown to interfere with dimerization of citrate synthase from Thermoplasma acidophilum 365 (Kocabiyik and Erduran, 2000) , reducing not only its catalytic activity (about 10-fold), but also 366 decreasing its thermal and chemical stability. 367
The model structure obtained for Ba2308CAII is shown in Figure 4 , along with the dimer structure 368 of the best hit obtained, 5SWC, showing a 29% of identity and 100% confidence. 5SWC is the 369 β-carbonic anhydrase CcaA from Synechocystis sp. PCC 6803. As Ba2308CAII contains an extra 370 codon, the residue highlighted in red, Leu187, is the equivalent residue to the Leu186Pro 371 change that is present in the CO2-dependent B. pinnipedialis strains. 372
In this structure the protein crystalizes as a dimer, with the N-terminal arm composed of two 373 alpha-helical segments (H1 and H2) that extend away from the rest of the molecule and make 374 significant contacts with the last β-sheet with an adjacent monomer (in the case of Ba2308CAII determined as crucial for the establishment of the dimer (Cronk et al., 2001) . In the case of B. 377 abortus strains 86/8/59, 9-941, and 292, the premature stop would cause the complete loss of 378 the C-ter end of the protein, including the last β-sheet, involved in the formation of the dimer. B. 379 ovis ATCC 25840 shows also a completely altered C-terminus, and although the new amino 380 acid sequence would remain folded as a β-sheet, it shows a completely different amino acid 381 composition that would prevent the establishment of the right molecular interactions between 382 the adjacent monomers. Regarding the last mutation observed in CO2-dependent strains, the 383 SNP present in B. pinnipedialis strains M163/99/10, M292/94/1 and B2/94 causes a non-384 conservative amino acid substitution, Leu186Pro. The model predicts that this change will occur 385 at the last β-sheet, in the area of interaction with the N-terminus of the adjacent monomer. 386
Proline is an amino acid that confers an exceptional conformational rigidity, and as such is a 387 known disruptor of both alpha helices and beta sheets. This being the case, this substitution is 388 predicted to disrupt the dimerization of Brucella CAII. 389 390
Competitive infection assays. 391
Strain 2308 is not only a CO2-independent Brucella isolate, but also one of the most widely used 392 virulent challenge strains, while S19, also a CO2-independent Brucella isolate is an attenuated 393 vaccine strain. In vitro cell assays using J774 macrophages did not detect any difference in 394 virulence between a CO2-dependent B. abortus 292 strain and its corresponding CO2-395 independent revertant ( Figure 5 ). Additionally, we could not find any report in the literature that 396
suggests that the CO2-dependence phenotype is related to virulence, and however there is one 397 puzzling fact; despite the expected low frequency of a frameshift mutation, somehow this mutation 398 is fixed in several species and biovars of Brucella. It is then reasonable to think of it as having a 399 biological advantage in specific situations. Competitive index (CI) assays have been used to 400 reveal subtle differences in fitness between two strains, and intra-animal experiments help to 401 minimize inherent inter animal biological variation and also improve the identification of mutations 402 or isolates with reduced or improved competitive fitness within the host (Falkow, 2004) . As this of its CO2-independent mutants, 292mut1. As a control we grew the same initial mixture in BA 405 plates that were incubated at 37ºC with 5% CO2, to know if any change in CI could be attributed 406 to just the CO2 concentration, or there was some other factor that could be attributed to growth 407 within an animal. Results are shown in Figure 6 . During the course of the experiments in mice, 408 there was a significant enrichment of the strain carrying the truncated form of Ba2308WCAII B. 409 abortus 292, when compared with the CO2-independent revertant able to produce a complete 410 active form of Ba2308WCAII. There was not a significant change in the ratio of both strains in liver or 411 spleen, so the colony counts were combined in each mouse to show the ratio in that mice. At the 412 same time, there was no significant enrichment / change in the ratio in cultures grown on plates. 413
This suggests that inactivation of Ba292CAII has some fitness advantage in vivo, and could 414 eventually result in the displacement of their corresponding CO2-independent counterpart. This 415 hypothesis could explain why, despite the low frequency of mutation, CO2-dependent strains 416 appear on primary isolation. As there are some other species and biotypes of Brucella that are 417 CO2-dependent on primary isolation we could infer that the fitness advantage is also present in 418 those species and biotypes. are still routinely used in reference laboratories. Although genomic information offers the 448 potential to unveil most of the phenotypic traits in bacteria, there are still important attributes that are not evident in the genome sequence. Thus, there is a gap between the classical typing 450 scheme and the molecular methods, and some features still can not be attributed to any specific 451 genetic trait. In the case of Brucella it is particularly interesting the host specificity, that it is yet 452 impossible to predict from the genome sequence. It is reasonable to think that as molecular 453 typing improves we should advance in closing the gaps between classical and molecular typing, 454 and we would be able to predict the full virulence and host specificity of a given isolate by 455 analyzing the genome content. We have started to address this gap by looking at the genomic 456 differences between Brucella isolates regarding one of the classical test for typing, as it is CO2 457 requirement. 458 B. abortus biovars 1, 2, 3, 4, and some isolates from biovar 9, as well as B. ovis, require 459 an increased concentration of CO2 for growth, as do most strains of B. pinnipedialis, but only 460 some of B. ceti. We selected 10 Brucella strains that have been sequenced and annotated, and 461 which CO2 dependence status was known, to construct a Brucella pangenome based on the B. 462 suis 1330 genome annotation. This resulted in a collection of 3496 CDS. We next compared the 463 distribution of pseudogenes (as annotated in the databases) and absent genes with the CO2 464 dependence, resulting in only three candidate genes, Bru1_1050 which encodes for a multidrug 465 resistance efflux pump, Bru1_1827 which encodes for carbonic anhydrase II and Bru2_1236, 466 encoding for an Adenosylmethionine-8-amino-7-oxononanoate aminotransferase. The most 467 obvious candidate was CAII, as it has been shown to be required to grow under ambient air in a 468 number of microorganisms. To confirm our initial result, we extracted and aligned the DNA and 469 amino acid sequences of CA II from an extended set of sequenced strains with a known CO2 470 phenotype. Those strains that are able to grow in atmospheric concentrations of CO2 carry a full 471 length copy of the protein, while those that are not contain truncated or mutated versions of the 472 proteins. Brucella species also carry a second carbonic anhydrase, CAI, but the polymorphisms 473 A direct application of this result would be the determination of the CO2-dependence status of 477 any given strain by determining the sequence at the CAII locus. This is actually the case in B. 478 abortus Tulya, where our analysis predicted that our stock should be CO2-independent, as it 479 was the original stock from CITA. Laboratory determination of the phenotype confirmed the in 480 silico result. This approach could be used to determine, or at least narrow down candidate 481 genes for different phenotypes, obviously with monogenic traits being the easier to determine. 482
We have found three different mutations that caused dependence of added CO2, two 483 independent insertions (C337 and G523) that either cause a premature stop, or change 484 completely the C-terminus of the protein, and a SNP that changes a leucine for a proline in the 485 last β-sheet. All bacterial β-CAs crystallized so far are active as dimers or tetramers, and 486 inactive as monomers, and all of them have the N-terminal α-helix arm that extends away from 487 the rest of the molecule and makes significant contact with the last β-sheet of an adjacent 488 monomer (Supuran, 2016) . In all the cases observed in this work, the mutations do not affect 489 the active site, but all of them potentially change the sequence and structure of the protein at 490 the C-terminus so the most obvious hypothesis is that it is the modified structure of the proteins 491 the cause for the loss of activity. Inactive Brucella CAII proteins either lack the last β-sheet 492 completely, or have a very different sequence composition that disrupts this last β-sheet. The 493 substitution of a leucine by a proline in the β-sheet is a particular example of this later case, as 494 proline is known to be very disruptive amino acid for both α-helices and β-sheets structures. As 495 these contacts seem to be important for dimerization, we can hypothesize that all the mutations 496 found in CAII will have a strong impact in the dimerization or multimerization of CAII that will 497 remain as a monomer, losing its activity (that we have defined as that allowing growth in a 498 normal atmosphere). But there is a caveat in this reasoning. We, as well as others (Pérez-Etayo 499 et al., 2018) have been unable to obtain a full-length mutant of CAII, despite being able to 500 obtain a CAI (both data not shown). Moreovera transposon sequencing analysis shows that 501 CAII is essential, at least for B. abortus 2308 (Sternon et al., 2018) . This experiment was 502 apparently carried out without added CO2, so the result is not unexpected. It would be insertions only in the C-ter of the protein, where the mutations in the natural CO2-dependent 505 isolates accumulate. This means that the C-terminal part of the protein still carries out at least 506 some of its functions as a monomer. We have not found any information regarding the activity of 507 β-carbonic anhydrases as monomers, but in the α-carbonic anhydrase from Thermovibrio 508 ammonificans the destabilization of the tetramer by reduction of the cysteines results in the 509 dissociation of the tetrameric molecule into monomers with lower activity and reduced 510 thermostability. It seems reasonable to think that this is the case also for Brucella CAII. 511 CAII catalizes the fixation of CO2 with high efficiency when forming dimers, but the low 512 efficiency of the carboxylation reaction when acting as a monomer would require the presence 513 of higher amounts of CO2. 514
A similar situation could be taking place in the case of CAI. Modelling of the structure of 515 Babortus2308CAI allows to hypothesize the role of the only residue of difference with Bsuis513CAI, that 516 has to be responsible for the absence of activity in the first one. Its localization close to the Zn 517 atom and to the dimer interface probably results in the destabilization of the dimer, lowering or 518 abolishing its activity. However, it would be necessary to purify and characterized biochemically 519 the monomers of both Babortus2308CAI and Babortus2308CAII to confirm our model. 520
521
These mutations can only be selected in high CO2 environments, like those present 522 inside animals, where high CAII activity would be dispensable, as this atmosphere generates 523 enough bicarbonate in solution as to fullfil the metabollic requirement of the bacteria (Nishimori 524 2009). We have determined the frequency of appearance of CO2-independent isolates, and 525 although there is a huge variation between strains, it ranges from 10 -6 to 10 -10 , as previously 526 described. Despite its low frequency, somehow these mutations got selected in several species 527 and biovars of Brucella, suggesting that they provide some biological advantage. To test this 528 hypothesis, we performed a competitive assay both in vitro and in vivo. This assay resulted in a 529 significant enrichment of the strain carrying an inactive carbonic anhydrase in animals, but not 530 in cultured plates. Pérez-Etayo et at (2018) assayed the bacterial loads of B. ovis PA and B.
found that there was no significant difference between a CO2-dependent and its corresponding 533 CO2-independent strain at the level of multiplication in the mouse model. This apparent 534 contradiction with our own results could be due to the different species used, or to the different 535 experiment used to test this hypothesis. When trying to determine subtle differences in fitness 536 between two given strains, a competitive assay has a higher discrimination power (Eekels et mutation. It is also noteworthy that this phenotype is only observed in certain species and 541 biovars, suggesting that the competitive advantage of the CAII mutants only applies to a subset 542 of host/pathogen pairs. As CAII is essential, the mutant strains still would have to produce the 543 protein, and thus the metabolic gain should be negligible for them. Another possibility would be 544 that the dimer form of the enzyme is too active in a high CO2 environment, and causes a 545 deleterious acidification in the bacteria. By evolving this sophisticated system that reversibly 546 alters the dimerization state of the protein, Brucella is able to adjust to the different 547 requirements encountered during its biological cycle. 
